188 Os ϭ 2.117 (assumes slab basalt has 187 Os/ 188 Os equivalent to gabbro sample 136033 in Table 1 ). Therefore, a 95% slab basalt containing 5% oceanic sediment slab component will have 187 Os/ 188 Os ϭ 2.062. The depleted peridotite end-member component was assumed to have an isotopic composition equivalent to harzburgite sample 136063 in Table 1  (  187 Os/ 188 Os ϭ 0.1217 and ␦ 18 O ϭ 4.9‰). The ␦ 18 O for the subduction component is ascribed a value of 12‰ based on ␦ 18 O measurements of subduction-derived metasomatic agents with ␦ 18 O ϭ 11.3‰ from mantle wedge xenocrysts found elsewhere in the Tabar-Lihir-Tanga-Feni arc (27) . The value of 12‰ is consistent with values obtained from seawater-altered basalt (5.7 to 12‰) from the upper 1 to 2 km of oceanic crust from ophiolite sequences (26 Seismic anisotropy and P-wave delays in New Zealand imply widespread deformation in the underlying mantle, not slip on a narrow fault zone, which is characteristic of plate boundaries in oceanic regions. Large magnitudes of shear-wave splitting and orientations of fast polarization parallel to the Alpine fault show that pervasive simple shear of the mantle lithosphere has accommodated the cumulative strike-slip plate motion. Variations in P-wave residuals across the Southern Alps rule out underthrusting of one slab of mantle lithosphere beneath another but permit continuous deformation of lithosphere shortened by about 100 kilometers since 6 to 7 million years ago.
In most oceanic regions, plates of lithosphere move past one another along narrow boundaries (width Ͻ20 km), and a single major fault can define transform and convergent boundaries; active deformation within continental regions, however, commonly spans dimensions of hundreds to thousands of kilometers. The much greater creep strength of olivine than of crustal minerals makes oceanic lithosphere strong in the depth range where continental lithosphere appears to be weakest (1 (12) and has distorted that ancient subduction boundary. On the North Island, a prominent magnetic anomaly, the Junction Magnetic Anomaly (13) , follows that subduction zone through the Dun Mountain ophiolite belt, is offset by the Alpine fault, and then continues across the South Island (Fig. 2) . The 45-Ma reconstruction of New Zealand aligns the straight segments of the Junction Magnetic Anomaly, implying that simple shear in a zone ϳ100 to 150 km wide has bent the geologic belts southeast of the Alpine fault and absorbed ϳ150 km of right-lateral displacement (7, 14) . Similarly, its curved continuation into the North Island implies considerable right-lateral shear of it, perhaps as much as 250 km over a zone 250 to 300 km wide in its northwest-southeast dimension. Paleomagnetic declinations of Oligocene sediment (ϳ35 Ma) close to the Junction Magnetic Anomaly indicate essentially no rotation of the northwestern part of the North Island with respect to Australia (Fig. 2) ; ϳ30°o f clockwise rotation in the central North Island, as might be expected from the curvature of the Junction Magnetic Anomaly; and almost 80°near Dun Mountain (15) . Thus, of ϳ850 km of right-lateral displacement between the Pacific and Australian plates in the New Zealand area, ϳ400 km seem to have been accommodated by distributed right-lateral simple shear of the crust across a zone ϳ400 km wide (Fig. 2) . Currently, right-lateral slip on the Alpine fault accounts for about two-thirds of the strike-slip component of plate motion as seen at the surface (16, 17) . Such rates imply that localization of crustal strain on that fault began before 6 to 7 Ma.
The change in relative motion at 6 to 7 Ma (8) apparently marked the birth of the Southern Alps. Accelerated cooling of rock beginning at ϳ7 Ma (18) and rapid sedimentation on the west coast beginning ϳ5 Ma (19) surely reflect increased erosion associated with crustal shortening and thickening. The initiation of slip on at least some of the Marlborough strike-slip faults (20) also presumably resulted from a redistribution of deformation. Although a reverse component of slip on the Alpine fault has absorbed a substantial fraction of the convergence between the Pacific and Australian plates (21), both active faulting and current deformation revealed by GPS measurements demonstrate ongoing crustal straining of the entire island (17) .
Finite strain of the mantle reveals itself by anisotropic seismic wave propagation, demonstrated most clearly by the splitting of shear waves into two orthogonally polarized quasi-S waves (22) . A preferred alignment of intrinsically anisotropic crystals causes anisotropy in the mantle, where pressure is too high for cracks to remain open (23) . Both observations (23) and calculations based on simple theory for large finite strain (24) show the maximum difference in S-wave speeds when propagation is parallel to the intermediate principal axis of strain. Propagation is fastest for waves polarized parallel to the axis of maximum extension and slowest for waves polarized parallel to the axis of maximum flattening. Thus, S waves propagating steeply through an anisotropic layer should be split most where large strike-slip strain has occurred in that layer. For sufficiently large strain, the quasi-S wave polarized parallel to the plane of shear propagates faster than those perpendicular to it (24) .
Shear-wave splitting at most stations on New Zealand (10, 25) shows that polarizations of the faster S waves are oriented nearly parallel to the strike of the Alpine fault, with magnitudes of splitting exceeding 1 s at nearly all stations and reaching 2 s at several (Fig. 3 ). Measurements at stations on the Chatham and Macquarie Islands, ϳ1000 km from the rest, show different patterns (inset, Fig. 3 ), consistent with anisotropy beneath New Zealand being due to deformation of New Zealand lithosphere and not to shear along its base as it moves over the asthenosphere. Fast polarizations at stations in the southern part of the South Island, where strike-slip strain should be least, are oriented up to 30°from the fault. At most stations across the Southern Alps and northwest of the Alps and at station WLZA on the North Island, which include those with the largest magnitudes of splitting, orientations of fast polarizations lie within 10°of the Alpine fault. Simplified map of present geology (white area in red outline) and a reconstruction appropriate for 45 Ma (blue area in red outline). The important geologic feature shown here is the belt of ultramafic rock, the Maitai terrane, whose continuation north of the Alpine fault passes through Dun Mountain, of dunite fame (7). This belt can be traced beneath younger sediment using the Junction Magnetic Anomaly of Hatherton (13) . Disruption of this belt by the Alpine fault implies ϳ460 km of displacement. The reconstructed position (6, 7) of the area north of the Alpine fault at ϳ45 Ma shows Dun mountain to have lain ϳ850 km southwest of its present position and not adjacent to the Maitai terrane across the Alpine fault. Presumably, the ultramafic belt and the Junction Magnetic Anomaly were once aligned across what is now the southwest end of the Alpine fault. Thus, ϳ390 km of plate motion must have been absorbed by slip on other, necessarily minor, faults or by more continuous penetrative strain [figure modified from Sutherland (7)].
We assume that anisotropy is concentrated in the lithosphere. Widespread extension and thinning in early Cenozoic time (12), followed by cooling of the plate, suggest a thickness of ϳ100 km (26) . Flexure of New Zealand lithosphere beneath the Taranaki Basin (Fig. 2) suggests a value of ϳ25 km for the thickness of an equivalent elastic plate (27) , also consistent with a lithospheric thickness of ϳ100 km (26) . With a subjacent thermal boundary layer, we consider thicknesses of 125 and 250 km to allow for lithospheric thickening since 6 to 7
Ma. Shear-wave splitting of 2 s implies average fractional differences of ␦v s /v s ϳ 7% and ␦v s /v s ϳ 4% between maximum and minimum shearwave speeds for propagation in the vertical direction through such thicknesses (␦v s is the difference between maximum and minimum quasi-S wave speeds, and v s is the average speed).
Two processes can align anisotropic minerals: rotation of crystals in a finite strain field and dynamic recrystallization. Alone, rotation of randomly oriented olivine crystals, which includes internal deformation along their weakest planes, can create anisotropy as large as ␦v s /v s ϭ 4 to 7% with only modest finite extensional strain of 11 ϭ 1.2 to 1.5 (20 to 50% elongation) (24), a result confirmed by laboratory experiments (28) . Calculations with a mixture of 70% olivine and 30% enstatite require at least 11 ϭ 1.5 for ␦v s /v s ϭ 4%, and 11 Ͼ 2 for ␦v s /v s ϭ 7% (24) . With increasing strain, ␦v s /v s approaches a maximum of 10%, with calculated orientations of fast polarizations parallel to the axis of maximum extension.
In a zone of width W undergoing simple shear by displacement d of the margins, 11 ϭ cot (with maximum flattening strain 33 ϭ tan ), where is the angle between the axis of maximum extension and the shear zone, and tan 2 ϭ 2W/d. Even for 100% extension ( 11 ϭ 2), ϭ 27°, and for 11 ϭ 1.5, ϭ 34°. If no other process caused a preferred orientation of the crystals, extension of 11 Ϸ 6 would be needed to rotate fast axes within 10°of the shear zone. Zhang and Karato (28), however, found in simple shear of olivine at high temperature (1300°C) and strain rate (10 Ϫ5 s
Ϫ1
), when d/W ϭ 1.5 ( 11 ϭ 2), enough recrystallization had occurred that fast axes became nearly parallel to the plane of shear. At 1200°C, dynamic recrystallization was much smaller; but presumably at lower strain rates, dynamic recrystallization would be important at lower temperatures, if temperatures might be too low in the shallowest mantle for significant recrystallization. Clearly, making accurate inferences of strain from measurements of shear-wave splitting remains impossible, but it appears that large magnitudes of splitting (␦v s /v s Ն 4%) with the orientations of fast S-wave polarizations nearly parallel to the plane of simple shear imply shear strain corresponding to d/W Ͼ 1.5 and perhaps much larger.
The nearly parallel orientations of fast polarization at sites 100 to 150 km southeast of the Alpine fault and at comparable distances northwest of its projection into both the northern South Island and the North Island (Fig. 3) indicate that strain has occurred over a zone at least as wide as 300 km. Shortening of ϳ100 km across the island since 6 to 7 Ma suggests that strike-slip shear strain occurred over a zone ϳ400 km wide. If the magnitudes of splitting imply strains corresponding to d/W ϭ 1.5, then with W ϭ 400 km, d ϭ 600 km, which exceeds the offset on the Alpine fault and is more than two-thirds of the 850-km cumulative right-lateral plate motion across New Zealand (6, 7) . Given that d/W ϭ 1.5 is a lower bound, the shear-wave splitting is consistent with all plate motion being absorbed in the lithosphere by distributed strain, and it permits only a small fraction of that motion to occur by strike-slip faulting in the mantle.
In this discussion, we have ignored the strain due to horizontal shortening of the lithosphere, in part because that strain is smaller 
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Locations of seismographs where shear-wave splitting was measured Area where body with P-wave speeds 6% higher than background intersects the depth range of 100-120 km Locations of seismographs used to infer P-wave speeds in the crust and mantle. than the strike-slip shear and in part because pure flattening deformation induces smaller anisotropy than simple shear (24) . Moreover, some of the largest splitting was measured at stations DENA and QRZA (Fig. 3) (10) , where strike slip across the Marlborough faults absorbs most of the convergent component, and at WLZA, where subduction of the Pacific plate accommodates all convergence. Shortening could also contribute to the magnitude of splitting by increasing the thickness of the anisotropic layer, but again the large magnitudes of splitting at these stations argue against this contribution. Even if the convergent component enhanced the observed splitting, the conclusions that strain is widespread and that faulting must absorb at most a small fraction of plate motion would be unaltered. Only if large anisotropy could develop with small strains ( 11 Ͻ 1.5) throughout the lithosphere and parallel to the sense of shear, or by strain throughout much of the underlying asthenosphere, could strike slip on a single fault zone account for more than half of the relative plate motion in New Zealand.
Shear-wave splitting at stations on the southeast side of the North Island (25) , with fast polarizations parallel to those elsewhere in New Zealand (Fig. 3) , might seem to require a common explanation for all anisotropy beneath New Zealand. Yet, S waves to stations on the southeast side of the North Island pass through Pacific lithosphere that has been underthrust beneath the North Island, not through mantle lithosphere attached to the deformed crust of New Zealand. Studies of the region east of the Tonga-Kermadec arc northeast of New Zealand using both seismic refraction and surface waves (29) reveal marked anisotropy within the Pacific plate, which suggests that the anisotropy in the lithosphere beneath the eastern North Island may have formed long before it was subducted. Moreover, large shear-wave splitting with fast orientations parallel to adjacent deep-sea trenches has been observed at stations above downgoing slabs in other island arcs, though this pattern is not common to all arcs (22) . Thus, the shear-wave splitting measurements from the South Island and western North Island imply that the 850-km, right-lateral component of plate motion has been absorbed largely, if not entirely, by distributed simple shear in the mantle.
P-wave delays recorded by lines of seismographs across the Southern Alps (11) differ by up to 1 s from those expected for propagation through the laterally varying crustal structure (30) (Fig. 4) and therefore require marked lateral variation in the upper mantle. Elsewhere (11, 31) we present tests, using these delays, of whether one slab of mantle lithosphere underthrusts another on a single fault (2, 9) or deformation occurs by pure shear (horizontal shortening and thickening) across a zone of finite width. Because of the relatively thin lithosphere beneath New Zealand, the small amount of convergence, ϳ100 km, should have perturbed structure only in the outer 200 km of the earth. At any depth, P-wave speeds will differ most where lateral temperature differences are largest and where the background temperature is near the solidus (32) . Thus, we expect the largest anomaly in P-wave speeds to lie at a depth of ϳ100 to 120 km.
Stations with maximum P-wave advances from earthquakes to the northwest lie ϳ100 km southeast of the west coast (Fig. 4) . The corresponding waves passed through the depth range of 100 to 120 km beneath the southeast flank of the Southern Alps (Fig. 3) , where crust has thickened most (30, 33) . Lithospheric thickening by pure shear would produce a high-speed zone in the upper mantle beneath the thickest crust. Northwestward underthrusting of a slab of Pacific mantle lithosphere (9), however, would place a high-speed zone at a depth of 100 to 120 km beneath the west coast and would advance P-wave arrivals from earthquakes to the northwest at stations on the western side of the island (Figs. 1C and 4) . A slab of Australian lithosphere underthrust southeast (34) would put the high-speed zone too far to the southeast to account for the advances (Fig. 4) . The Pwave residuals cannot rule out a slab of lithosphere that is sharply bent and plunging beneath the thickest crust, but such a geometry requires more strain than continuous deformation throughout the mantle lithosphere (11). Thus, both seismic anisotropy, which measures in situ strain, and P-wave residuals, which constrain the amount and distribution of lateral heterogeneity, suggest that the mantle lithosphere beneath continents deforms continuously and not by localized deformation on one or a small number of faults.
